For a fully penetrant trait, apparent recombinants between the trait and marker loci result in an estimate of the recombination fraction 8 > 0. Given allowance for reduced penetrance and/or sporadic cases, this no longer need be true. In this short communication, we describe conditions under which 8 is estimated to be zero despite the presence of apparent recombinants. We demonstrate that even if a large proportion of unaffected individuals are apparent recombinants and the penetrance is moderately high, the lod score may be maximized at 8 = 0. Despite maximization at 8 = 0, presence of apparent recombinants reduces the maximum lod score in comparison to its value if no apparent recombinants are present. 
INTRODUCTION
Recently, we carried out a linkage analysis of an autosomal-dominant eye disease segregating in the four-generation pedigree illustrated in Figure 1 . In one analysis, we assumed the disease was uncommon, had a penetrance of 0.80, and there were no sporadic cases. For this pedigree, we obtained suggestive evidence of linkage to several markers, including the one illustrated (with minor changes) in Figure 1 ; for this marker, the maximum lod score of 2.46 was obtained at 8 = 0. For fully penetrant genetic traits, such an observation would imply the absence of recombinant individuals in the data. Given reduced penetrance or sporadic cases, this need not be the case. Nonetheless, we were interested when in the subsequent haplotyping we identified four apparent recombinants among the unaffected family members (Fig. 1) .
Because of this finding, we decided to investigate the proportion of apparent recombinants that might be present in a linkage data set in which the lod score is maximized at zero recombination. We describe this investigation in the context of a dominant disease and offspring of phase-known matings, and evaluate the roles of reduced penetrance and sporadic cases.
METHODS AND RESULTS
Consider the case of an autosomal-dominant disease due to a locus with alleles D and d, with D dominant to d. Let + = P(disease I DD) = P(disease I Dd) be the penetrance and (T = P(disease I dd) be the frequency of sporadic cases, and suppose that these parameter values are fixed in the linkage analysis. Let 1 and 2 be alleles at a codominant marker linked to the disease locus at recombination fraction 8, and suppose that 8 is to be estimated. For simplicity, suppose the data are available on offspring of phase-known parental mating type Dl/d2 X dl/dl.
In this setting, the disease allele is in coupling with marker allele 1, and offspring may be affected (aff) or unaffected (un), and apparent recombinants (R) or apparent non-recombinants (NR). Conditional on parental mating type, the probabilities of the four types of offspring are
where 1 and 2 indicate the allele transmitted by the affected parent. For example, the probability P(aff, R) of observing an affected, apparent-recombinant offspring equals the probability that the affected parent passes the gamete D2 and that the disease allele is penetrant [8+/2], or that the affected parent passes the gamete d2 and that the offspring represents a sporadic case [(l -8 ) 
a / 2 ] .
Let M and N be the number of affected and unaffected offspring, and MI and NI be the corresponding numbers of apparent recombinants. The natural logarithm of the likelihood of the model is then
(1)
The parameter values for which 1nL and hence the lod score will be maximized at 8 = 0 are those for which the partial derivative of In L with respect to 8 is negative at 8 = 0. To find the boundary on such parameter values, we calculate this partial Table I presents the maximum proportion of apparent recombinants among the unaffected offspring that result in an estimated 8 of zero when all affected offspring are apparent non-recombinants and M = N . The proportion depends strongly on the penetrance 4, but is nearly independent of the sporadic frequency u. Obviously, the These large numbers of apparent recombinants that still result in a 8 estimate of zero emphasize the substantially greater information provided by the affected offspring than the unaffected offspring when there is reduced penetrance.
While the estimate of 8 may not be influenced by presence of some apparent recombinants, the maximum lod score is. Given no apparent recombinants among the affected offspring, and a sporadic frequency (T = 0, the lod score evaluated at [see Eq. (l) ]. This lod score decreases linearly with increasing number N1 of apparent recombinants among the N unaffected offspring (Fig. 2) . Fig. 2 . Effect on the maximum lod score and recombination fraction estimate of proportion of apparent recombinants (N1 / N ) among the unaffected offspring. Assumes equal numbers of affected and unaffected offspring, no sporadic cases, and no apparent recombinants among the affected offspring. Z , ratio of maximum lod score given proportion N1 / N apparent recombinants among the unaffected offspring to that when N , = 0 (solid line). 8, maximum likelihood estimate of the recombination fraction (dotted line).
Ail Offspring Affected
Second, consider the case N = 0 in which all offspring are affected. Then f ( + , a ) = 0 if the proportion M I / M of apparent recombinants among the (affected) offspring is a/(+ + a). In this case, the numbers of apparent recombinants cannot be too large, since generally, the sporadic frequency a will be substantially smaller than the penetrance 4. However, given penetrance 4 = 0.50 and sporadic frequency a = 0.10, fully 1/6 of the Offspring could be apparent recombinants, and the lod score still would be maximized at 0 = 0.
DISCUSSION
For phase-known linkage data, the approach taken here is entirely general, and can be used for any numbers of affected and unaffected offspring. For a rare dominant disease with no sporadic cases, phase-known matings can be distinguished, and our results apply directly. Analogous expressions could be derived for recessive traits. Given a more frequent disease or the presence of sporadic cases, in general it is not possible to distinguish mating types with certainty; furthermore, penetrance and sporadic case frequency are likely to be age dependent. For these more general situations, our results no longer apply directly, but still should be instructive.
The most striking finding of our investigation is the large number of apparent recombinants that may occur among the unaffected offspring and still allow maximization of the lod score at recombination fraction 0 = 0. Given equal numbers of affected and unaffected offspring and penetrance + 5 0.50, unaffected offspring have no impact on the estimate of 8 if the affected offspring all are apparent nonrecombinants (Table I) . However, the presence of apparent recombinants, even among the unaffected offspring, does reduce the evidence for linkage as measured by the maximum lod score (Fig. 2) .
For the eye-disease pedigree (Fig. 1) , approximately M = 12 affected and N = 12 unaffected offspring were informative. There were M I = 0 apparent recombinants among the affected and N 1 = 4 apparent recombinants among the unaffected. If these offspring all were produced by phase-known matings (which they were not), setting f(+,a) = 0 would suggest that a penetrance + as high as 0.82 would result in a recombination fraction estimate of zero, consistent with our findings for + = 0.80.
